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ABSTRACT
Changes In Soil Physical and Hydrological Properties Due to Bromus Tectorum
(cheatgrass) Invasion
by
Joshua J. Boxell
Dr. Patrick Drohan, Examination Committee Chair 
Pine Lake Institute for Environmental and Sustainability Studies 
Hartwick College, Oneonta, New York
Introduction of Bromus tectorum (cheatgrass) into western rangelands has had a profound 
effect on the diversity and health of native ecosystems. Introduced in the late 19th 
century, B. tectorum has rapidly out-competed native species and colonized large areas of 
the Great Basin region (Mack, 1981). The objective of this research is to assess changes 
in soil physical and hydrologie properties on former tridentata sites now invaded by B. 
tectorum and to quantify the scope of the alterations through time. Study site selection 
was based upon a range o f A. tridentata stand replacing fire histories spanning 
approximately 20 years and subsequent colonization of each fire site by B. tectorum. Fire 
sites sam pled w ere invaded by B. tectorum  fo llow in g  a single fire event; the earliest plot 
was burned in 1985 with subsequent sites having fires in 1987, 1998, and 2002. Sites 
characterized by^L tridentata, and not burned, were sampled as controls. To assess soil 
physical and hydrological properties measures o f aggregate stability; hydrophobicity;
111
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bulk density; surface strength; surface roughness; and infiltration (double-ring and 
tension infiltrometer) were made. T-test results indicate increased silt and clay particle 
size fractions and a decreased sand particle size fraction with colonization by B. 
tectorum. B. tectorum sites exhibited increased bulk density, aggregate stability, and 
surface strength along with decreasing surface roughness and saturated conductivity. No 
significant differences in unsaturated conductivity were represented by tension 
infiltrometer measurements. Sand sieve fractions indicate an increase in very coarse, 
coarse, and medium sand fractions and a decrease in fine and very fine sand fractions on 
B. tectorum sites. Results suggest that B. tectorum invasion is altering soil physical 
properties and in turn, surface hydrology.
IV
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CHAPTER 1 
INTRODUCTION
The introduction of a non-native species into an ecosystem often poses a threat to 
the equilibrium, diversity, and health o f the native species populations in that ecosystem 
(Aguirre and Johnson, 1991; Belnap and Phillips, 2001; Brooks et al., 2004; Grace et al., 
2001; Knapp, 1996). In the United States during the late I9‘̂  century, the non-native 
grass Bromus tectorum (cheatgrass) was introduced into the Great Basin region 
disrupting native rangeland ecosystems (Mack, 1981) as a grain contaminant, which was 
then able to spread rapidly throughout the native A. tnt/entoto-bunchgrass habitat 
(Knapp, 1996) following disWrbance by wildfires and grazing (Knapp, 1996). Since its 
introduction into western rangelands, B. tectorum has become a problem for land 
managers attempting to preserve ecosystem diversity and land productivity (Brooks et al., 
2004). The ability of B. tectorum to out-compete native species for available nutrients, 
and it’s propensity to quickly colonize open niches in an ecosystem as a result of a 
disturbance event (e.g., fire, over-grazing), have pushed the native shrub-steppe 
ecosystem in the northern Great Basin to a point from where recovery may not be viable 
(Brooks et al., 2004).
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Significance o f  B. tectorum
As awareness of the fragility of rangeland ecosystems has developed, studies of 
the interactions between invasive species and native populations have been undertaken 
(e.g., Berendse et al. 1992,). B. tectorum has been closely monitored in the United States 
due to the extensiveness of its invasion and persistence in U.S. rangeland ecosystems. 
Rangeland research in the United States has noted that B. tectorum invasion leads to a 
decline in native species floristic diversity (e.g., Knapp, 1996); changes to fire regimes 
(e.g.. Brooks et al., 2004); lower soil biota diversity and shifts in the structure of the soil 
food web (e.g., Belnap and Phillips, 2001); effects to soil physical properties (Norton et 
al., 2004); changes to nutrient cycling (lower potential net N mineralization due to higher 
C:N and lignin:N in soils invaded by B. tectorum) (e.g., Belnap and Phillips, 2001;
Evans et al., 2001); and shifts in the composition and distribution o f soil organic matter 
(SOM) (lower overall SOM as a result o f increased microbial decomposition) (Norton et 
al., 2004). However, the effects of 5. tectorum colonization on many soil physical and 
hydrological properties have thus far been left unquantified.
B. tectorum is successful in invading US rangelands due to the species being an 
opportunistic exploiter of open spaces created by disturbance events such as fire or 
overgrazing (Knapp, 1996; Grace et al., 2001; Brooks et al., 2004). Space opened up by 
fire can lead to the colonization by B. tectorum, which in turn decreases the frequency 
interval due to a dense persistent litter following B. tectorum'^ senescence (Grace et al.,
2001). This process essentially develops a positive feedback loop between B. tectorum 
and fire, which serves to exclude native vegetation fi*om re-establishing. Additionally, the 
increased intensity o f fire regimes, as a result of the dense litter produced by B. tectorum,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
aids in its ability to replace native species adapted to low frequency, low intensity fire 
regimes (Grace et al., 2001). Observed changes to fire frequency (Grace et al., 2001; 
Zouhar, 2003) following B. tectorum colonization could affect the development of 
hydrophobic layers within the soil profile. The development of hydrophobic layers within 
a soil profile can negatively effect the rate o f infiltration (Debano, 1981; MacDonald et 
al., 2004), and the formation of hydrophobic layers within a soil profile is a factor in 
determining the amount of runoff that occurs following the removal of vegetative ground 
cover resultant from a disturbance event such as fire (MacDonald et al., 2004). The 
inherently variable spatial and temporal nature of fire across the landscape (Gimeno- 
Garcia et al., 2004) will have a range of effects on infiltration rates (Robichaud, 2000), 
pH (Debano et al., 1998), and SOM (Arocena and Opio., 2003). Knapp (1996) 
documented decreases in fire intervals from roughly 60-110 years to less than 5 years as a 
result of B. tectorum invasion into systems previously dominated by A tridentata. With 
increased fire frequency and the production of dense litter, the soil could be at a greater 
risk of hydrophobicity development because of the short time between fire events and the 
evidence which shows that a water repellent layer can persist for multiple years following 
a fire event (Debano, 2000b). Fire can lead to the redistribution o f volatilized organics 
that will coalesce onto surrounding particles as the soil cools, creating a hydrophobic 
coating on mineral grains (Debano, 1981). The volatilized organic substances will then 
move downward through the soil and will coalesce at varying (shallow) depths depending 
upon the thermal gradient produced by the intensity o f the fire at the surface (Debano, 
2000b). Hydrophobic layers that develop in the upper few centimeters of the soil surface 
can then halt water moving vertically through the soil and force it to flow laterally
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through the soil profile (Debano, 1981; Debano, 2000a). The development o f a 
hydrophobic soil layer following the invasion of the non-native B. tectorum into the A. 
tridentata dominated habitat could thus alter the soil water movement from its previous 
conditions.
Several researchers have noted changes in soils and ecosystems that B. tectorum 
invades. Belnap and Phillips (2001) noted that sites whieh had been invaded by B. 
tectorum had a higher silt and lower sand fractions (top 10 cm of the soil sampled) than 
control sites, and that soil biological diversity had deelined in the upper 10 cm as well. 
The amount of ground litter was noted to inerease on sites dominated by B. tectorum as 
compared to sites that were inhabited by A. trzTfewtoto-bunchgrass or shadscale (Knapp, 
1996). B. tectorum forms much denser stands than vegetation native to the Great Basin, 
with enough biomass accumulation that the ground ean be completely covered (Knapp, 
1996). Increasing site biomass and percent ground cover can increase surface roughness 
and thus slow overland flow allowing more time for water to infiltrate the profile. 
Wiliamson et al. (2004) noted that the conductance of rainfall to the soil surface via 
stemflow is important to the amount o f infiltration that will occur. Wiliamson et al. 
(2004) noted that the more closely spaced roots of the perennial veldt grass {Ehrharta 
calycind) compared to the native chaparral was able to more evenly conduct rainfall to 
the soil surface and thus effectively increase the amount of precipitation entering the soil 
surface. Well known positive correlations among soil texture, strucmre, organic matter, 
and infiltration rates (e.g., Brady and Weil, 2002; Debano et al., 1976; Debano et al., 
1998) suggest that changes to these properties could also alter soil hydrological
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properties. For example, increases in clay content can increase the development o f soil 
structure, thus serving to increase infiltration.
Changes in soil structure and aggregation in response to B. tectorum colonization 
are important factors in determining water movement within a soil system. Infiltration 
and overland flow are typically controlled by soil structure and/or aggregate stability 
(Debano et al., 1998). As soil structure is broken down due to fire, or changed in 
response to B. tectorum invasion, soil could be more or less susceptible to transport by 
overland flow (Abu-Hamdeh et al., 2006, Debano et al., 1998). The loss of soil structure 
can also decrease surface roughness (the amount of deviation of the soil surface from an 
idealized plane of reference), which allows water falling on the surface to flow more 
quickly across the landscape, decreasing infiltration (Debano et al., 1998). Undisturbed 
soil has a combination of both micropores and macropores that allow for easy movement 
of water and air through the soil. Changes to the soil structure (and thus the pore sizes 
and distribution) will effect the distribution and extent of the soil’s porosity (Debano et 
al., 1998).
Objectives and hypotheses
The objective of this research is to assess changes in soil physical and hydrologie 
properties on former v4. tridentata sites now invaded by B. tectorum. Changes in soil 
hydraulic properties, following invasion by B. tectorum, are hypothesized to result from 
alterations to: aggregate stability, hydrophobicity, bulk density, surface strength, and 
surface roughness over time following invasion by B. tectorum. Assessing changes in soil 
physical and hydrologie properties due to the invasion of rangelands by B. tectorum will
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
not only fulfill research needs (as no research to date has examined changes in saturated 
and unsaturated conductivity in soils invaded by B. tectorum), but will also benefit 
rangeland managers and soil scientists who are trying to manage B. tectorum’s rapid 
spread and persistence (Brooks et al., 2004). Soil scientists will also gain valuable 
knowledge of potentially rapid pedological changes due to an invasive species.
It is hypothesized that there will be a significant decline in saturated and 
unsaturated conductivity on sites colonized by B. tectorum versus those that have not 
been {A. tridentata controls representing former native community replaced by B. 
tectorum following fire). This decline in soil hydraulic function (as represented by 
decreasing soil conductivity) will become more pronounced the longer a site has been 
colonized by B. tectorum. Measures of hydrophobicity, aggregate stability, surface 
strength and soil particle size fraction will be compared to changes in soil hydrologie 
conductivity with respect to since invasion by B. tectorum (as compared to A. tridentata 
controls).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
METHODOLOGY
To determine the effects of B. tectorum invasion into A. tridentata characterized 
habitat, measurements o f specific physical and hydrological properties were measured. 
Measurements of saturated/ unsaturated conductivity were used to quantify water 
movement through the soil. Physical properties which might influence water movement 
were also selected for smdy to determine if any alteration of these properties due to B. 
tectorum invasion was occurring and how any observed differences in these properties 
might be affecting water movement.
To determine the effects o f B. tectorum invasion on soil physical and hydrologie 
properties, four^f. tridentata and four R. tectorum sites were selected. The selected sites 
were chosen with a consideration towards minimizing the inherent variability in soil 
properties in order to assure that any measured or observed differences would be a result 
o f the B. tectorum invasion. However, the selection of study sites was limited to 
locations which had a known fire history and to which access could be acquired. As a 
result o f this limitation B. tectorum sites were located on fan surfaces which contained 
material derived from separate sources. The differences in lithology, as well as potential 
differences in the relative ages of the fan surfaces could add a source of variability into
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the measured soil physical and hydrological properties which may not necessarily be a 
result o f B. tectorum invasion.
Sites were selected based upon a range of A. tridentata stand replacing fire 
histories spanning approximately 20 years and subsequent colonization of each fire site 
by B. tectorum. Fire sites sampled were invaded by B. tectorum following a single fire 
event; the earliest plot was burned in 1985 with subsequent sites having fires in 1987, 
1998, and 2002. To minimize the effects observed due to multiple fires, sites were 
selected where no fires have taken place since the original A. tridentata stand replacing 
fire. The selection of R. tectorum sites based upon a known time since invasion 
permitted evaluation of each site with respect to the known length of time of 
establishment by R. tectorum. Although R. tectorum dominates study sites, other species 
can be found in lesser amounts (<10% ground cover) including, but not limited to: 
Sandberg bluegrass (Poa secunda J. Presl), bluebunch wheatgrass (Pseudoroegneria 
spicata), and tumble mustard {Thelypodiopsis Rydb.).
Study sites are located in the northern extent of the Basin and Range province 
near Winnemucca, Nevada (Figure 1). The Basin and Range province is characterized by 
broad alluvial basins interspersed with abruptly rising, isolated mountain ranges 
(Peterson, 1981). These mountain ranges, cover approximately 20% of the landscape in 
the southern part of the province and 35% in the northern extent, and are oriented so that 
the long axis of the range trends north-south (Peterson, 1981). The Basin and Range 
province consists o f three major physiographic features: piedmont slopes (alluvial 
deposits that slope from mountain range to basin floor); basin floors (nearly level center 
o f the basin bounded by mountain ranges); and mountain ranges (Peterson, 1981).
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Each study site was located on a fan piedmont (Peterson, 1981) with slopes 
ranging from 3 to 5%. The selection of both B. tectorum and^. tridentata sites 
occupying similar landscape positions was intended to minimize differences that would 
likely occur naturally among soils formed on varying slopes or landscape features. Site 
elevations, as determined from a 30 m digital elevation model, and field GPS unit 
(Garmin Map76s), range from 1,361 m to 1,500 m above mean sea level (Table 1). Study 
sites are characterized by well drained soils formed in loess and ash mantled alluvium 
derived from mixed rock sources (NRCS, 2006). Soils sampled in the study were 
classified as loamy to sandy loam, mesic, xeric haplodurids (NRCS, 2006). Study sites 
receive mean annual precipitation of 21 cm, have a mean annual temperature of 9.5 °C as 
measured at Winnemucca Municipal Airport, Winnemucca, Nevada (WRCC, 2004) and 
are moderately alkaline (pH 8.0) (NRCS, 2006). The Natural Resources Conservation 
Service (NRCS) soil moisture regime is xeric and the temperature regime is mesic 
(NRCS, 2006).
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Table 1. Topographic information for B. tectorum and^. tridentata sites. The column headed by 
"Category" indicates the year of colonization by B. tectorum or that a site is characterized by 
A. tridentata.
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Site Elevation (m) Aspect (degrees) Aspect Slope % Category Soils
1 1452 194 S 3 1985 Haplodurids
2 1361 35 N 2 1998 Haplodurids
5 1428 108 E 3 1987 Haplodurids
8 1500 345 N 2 2002 Haplodurids
SI 1418 199 S 4 A tridentata Haplodurids
S2 1420 210 s 3 A tridentata Haplodurids
S3 1425 212 s 3 A tridentata Haplodurids
S4 1431 223 s 3 A tridentata Haplodurids
■D
CD
C/)
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Sampling began during the summer of 2004 and a total o f four B. tectorum- 
dominated sites and four A. tridentata (Great Basin A. tridentata) sites were sampled. A. 
tridentata sites were sampled in spring 2006 using the following field and laboratory 
procedures (as in 2004). Three holes per plot along a 100 m transect were excavated to 
approximately 40 cm with 4 kg of soil sampled from the depths: 0-5 cm, 5-10 cm, and 
10-15 cm. These depths were chosen due to the assumption that over the time period of 
B. tectorum establishment considered in this study most soil differences due to the 
invasion were likely to be seen first within the surface/A horizon. Since the majority of 
B. tectorum roots observed in this study were found to occur predominantly within the A 
horizon (the upper-most mineral horizon, which generally contains enough decomposed 
organic matter to impart a darker color than the underlying horizons (Brady and Weil,
2002), it was deemed appropriate to evaluate variations due to B. tectorum by staying 
within A horizon. It was also apparent that the majority of the differences in site litter 
layer and soil structure, which would have a large effect upon water movement into the 
soil profile, would likely also occur near the surface.
Soils were sampled underneath the drip line o f^ . tridentata foliage. All areas 
selected for sampling were located on open rangeland with particular care taken to avoid 
locations that showed evidence of concentrated cattle usage; all sites were located away 
from fences, water tanks, salt licks, trees and other disturbed areas. In order to avoid 
sampling soil that was obviously trampled by cattle, a disturbed measurement location 
was shifted laterally to the right or left o f the transect line approximately 1 to 2 meters 
until an undisturbed surface was identified. Similar precautions were taken when 
sampling B. tectorum sites in order to avoid disturbed surfaces. Sampling locations were
11
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shifted left or right of the transect approximately 1 to 2 meters to ensure that data was 
collected from an undisturbed surface. On both A. tridentata and B. tectorum sites 
sampling locations along the transects were also chosen with regard to avoiding erosional 
features on the landscape. If an erosional feature such as a rill was encountered along the 
transect, the measurement location was shifted along the transect line until the first 
undisturbed surface was selected.
To quantify the effects o f B. tectorum on a soil's hydraulic properties, measures of 
unsaturated hydraulic conductivity were made using a Decagon mini-disk infiltrometer 
and saturated conductivity using a double ring infiltrometer. The mini disk infiltrometer 
allows for measurements of unsaturated hydraulic conductivity to be taken with a 
minimum amount of variation due to macropore flow (Watson and Luxmoore, 1986), 
while also facilitating the speed/ease of the measurement. The employment of the two 
methods allowed for a view of soil properties at different scales as well as providing 
information about separate soil water properties. The double-ring infiltrometer will be 
measuring saturated conductivity at a much larger scale than the measurements of 
unsaturated conductivity collected using the mini-disk infiltrometer. Measurements taken 
using the double-ring infiltrometer will also be interrogating the way water moves 
vertically through the soil profile whereas the mini-disk infiltrometer will be measureing 
both vertical and horizontal water movement. The mini-disk infiltrometer is measuring 
unsaturated conductivity (due to the negative head pressure) and will be describing the 
flow o f water as a result of primarily capillary action. As no corrections for soil moisture 
or temperature were made, the results will indicate the values of saturated/unsaturated
12
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conductivity at the time o f sampling, which could differ from a corrected value. Thus, 
the values presented represent a single snapshot in time for the hydrological variables.
Measurements o f unsaturated conductivity were taken at -1 cm of suction in order 
to allow the water to infiltrate at a rate which could be most easily observed. Sites were 
prepared by clipping vegetation at the ground surface and placing a thin layer of sand on 
the surface to ensure a uniform contact between the mini-disk infiltrometer and the soil 
surface. The infiltrometer was then filled with approximately 70 mL of water and then 
allowed to infiltrate the soil. Measurements of the amount of water which had entered 
the soil were taken every five seconds until the entire volume had entered the soil. No 
corrections were made for a standard temperature on measurements taken using the mini­
disk infiltrometer.
Measurements of saturated hydraulic conductivity were taken using a double-ring 
infiltrometer (Klute, 1986). A double-ring infiltrometer was chosen because o f its widely 
accepted use as a surrogate for infiltration measurements in soils, which allows for 
comparisons to be made between results of this study and other pedology smdies that 
have used infiltration rings (Klute, 1986). Prior to the installation of the double-rings the 
ground surface was carefully prepped by clipping the vegetation as close to the ground 
surface as was possible without disturbing the soil itself. Double rings were installed to a 
depth o f approximately 5 cm by placing a board across the top o f the rings and striking 
the center o f the board with a rubber mallet. To ensure an even force was applied to the 
rings as they were driven into the soil, the board was rotated a few degrees with each 
successive blow. Water was ponded to a depth of 1.5 inches (3.81 cm) and the length of 
time required for the water to drop 0.25 inches (0.635 cm) was measured. The water
13
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level was then raised back to a ponded depth of 1.5 inches and the measurement 
procedure was repeated until three consecutive measurements were within five seconds 
of each other. This ending point was chosen because it was assumed that a steady flow 
rate had been achieved if the measured times were remaining consistent. Measurements 
of samrated conductivity were calculated by taking an average of all infiltration times for 
each sampling location (one of the six replicates taken on each site), averaging the times, 
and then selecting infiltration rates that were less than 20% different than the site 
average. Using this selection method gave a rate o f infiltration which reflected the 
steady-state for saturated flow into the soil through the double-rings.
Measures of hydrophobicity were taken using the water drop penetration time test 
(Boxell et al. (2005) based on Debano et al. (1998)). Water drops were placed on the soil 
surface along a transect at each of the four sites, for the two vegetation types, and time 
was measured until the droplet had infiltrated. Using the hydrophobicity classes 
established for the Burned Area Emergency Remediation (BAER) teams (Parsons, 2003), 
soils on which any drops took between 0 and 10 seconds to infiltrate were weakly 
hydrophobic, soils with infiltration times between 10 and 40 seconds were moderately 
hydrophobic, and those with infiltration times greater than 40 seconds were classified as 
strongly hydrophobic. For each o f the sites a -100 meter transect was established along 
which 60 drops were placed and timed.
Slope at all sites was measured using a clinometer and aspect with a compass. 
Aggregate stability was estimated at 18 points along the same transect on each site using 
a field aggregate stability test kit (Herrick et al., 2001). To quantify changes to surface 
roughness, microtopography was measured at 6 data points along a transect on each site
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
using a Synergy soil erosion bridge (Blaney and Warrington, 1983). This resulted in a 
total of 24 measurements for each treatment characterized either by A. tridentata or B. 
tectorum. Measurements were taken by placing the equal length, equally spaced pins of 
the erosion bridge in contact with the soil surface, and then photographing the pins after 
dropping them to the soil surface from a set distance. The resulting photo was then 
imported into ESRI ArcMap and a measurement was made on the image along the tops of 
the pins (Li), which was divided by a measurement taken along the shortest distance 
between the two outside pins (L2) resulting in a ratio of Li L2 ’ for each photo (Figure 2). 
This ratio is analogous to measuring sinuosity.
Surface strength measurements were made using a Ben Meadows pocket 
penetrometer (O’Sullivan and Ball, 1982) along a transect oriented on the central 
topographic contour of the site on both A. tridentata and B. tectorum sites. Thirty 
measurements were taken on each site, for a total of 120 measurements for each A. 
tridentata and B. tectorum site. Particle size was determined in the laboratory using the 
hydrometer method (Gee and Bander, 1979) and dry sieves were used to separate out 
sand fractions (Gee and Bander, 1986). Three bulk density measurements were made in 
the upper 5 cm of the soil of each o f the three holes on B. tectorum and A. tridentata sites 
(Blake and Hartge, 1986). A total of nine samples were collected on each site with a 
final tally o f 36 for the four A. tridentata sites and 36 for the four B. tectorum sites.
For statistical analysis, data were screened for normality (Kolmogorov-Smimov test) and 
homogeneity o f variance, and data not meeting assumptions o f normality were analyzed 
according to non-parametric methods (Mann-Whitney [two-sample test] and Kruskal- 
Wallace [> 2 sample test]) using an a  = 0.05). Datasets which were determined to be
15
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normally distributed were analyzed using a t-test (when comparing two sample groups) or 
by an ANOVA test (when a determination of the differences between the means of 
multiple means was required).
16
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I I County
10,000 
Meters
Figure 1. Sampling locations ofR. tectorum (cheatgrass) and^. tridentata (sage) plots 
across northern Nevada. The year in which each B. tectorum site became established is 
adjacent to the triangle denoting a site.
17
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il
Figure 2. Diagram showing the methodology used to measure and calculate surface 
roughness. The length o f lines Li and L; were measured after each photograph was 
imported into Arcmap. A pixel count was made along each line to calculate the resulting 
ratio.
18
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CHAPTER 3 
RESULTS
Weather data
Weather data encompassing the sampling dates for the field work accomplished 
during the summer of 2006 was collected at the Winnemucca Municipal Airport and 
accessed via the website o f the National Climatic Data Center (Table A .l) (NCDC, 
2007). No precipitation was recorded for the week preceding the start of the sampling, 
with only trace amounts of precipitation observed for two days falling within the time 
frame of sampling. However, sites were observed to be dry at the time when 
measurements were made and sampling occurred; there was no evidence o f recent 
precipitation at any of the sample sites.
Particle size fractions (clay, silt and sandfractions)
Means, standard deviations, and the results of t-test analyses of composited (0-15 
cm sampling interval) and sampling-interval (0-5, 5-10, 10-15 cm) particle size fractions 
for each vegetation designation (A. tridentata and B. tectorum) are presented in Table 2. 
T-test results indicate a significant increase in the mean clay fraction on B. tectorum sites 
for both the 1 0 -1 5  cm sampling interval and the composited samples. Significant 
increases in the silt fractions on B. tectorum sites were observed across all sampling
19
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intervals and between the composited means for each vegetation designation (Table 2). 
Significant decreases in sand fractions on B. tectorum sites were observed across all 
sampling intervals and between the composited means for each vegetation designation 
(Table 2). No statistical differences were observed between the two vegetation 
designations for the clay fractions from the 0-5 cm or 5-10 cm sampling intervals.
Particle size fraction ANOVA results comparing each year of invasion by B. 
tectorum (1985, 1987, 1998, 2002) vs. the A. tridentata control sites are shown in Table 3 
(by composited data (0 - 1 5  cm) and sampling interval ( 0 - 5  cm; 5 - 1 0  cm; 1 0 -1 5  
cm)). Results for the clay firaction from the 0 -  5 cm sampling interval indicate that no 
significant differences were observed between any of the B. tectorum sites or the A. 
tridentata sites. There were significant differences for the silt fraction for the 0 -5 cm 
sampling interval; B. tectorum sites colonized in 1987 and 2002 had higher means than 
the other two (1985 and 1998) sites. All B. tectorum sites, except the site colonized in 
1998 had a higher mean silt fraction than the A. tridentata sites. B. tectorum sites had 
significantly lower sand fractions for the 0-5 cm sampling interval than the mean sand 
fraction for the A. tridentata sites at the same depth. B. tectorum sites colonized in 1985 
and 1998 had significantly higher values for mean sand fraction than the other two sites 
(1987 and 2002).
B. tectorum sites colonized in 1985, 1987, and 1998 had significantly higher 
values for the sand fraction from the 5 -  10 cm sampling interval than the A. tridentata 
sites (Table 3). The site colonized in 2002 had a higher mean than the other B. tectorum 
sites and the A. tridentata sites. Silt fi-action data for the 5-10 cm sampling interval 
indicated higher means for sites colonized in 1987 and 2002 than for the sites colonized
20
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in 1985 and 1998. All B. tectorum sites except for the 1985 site had higher silt fraction 
means than the A. tridentata sites. Sites colonized in 1985 and 1998 had higher mean 
sand fractions than the other two B. tectorum sites in the 5-10 cm sampling interval, but 
all were lower than the mean of the sand fraction for the A. tridentata sites.
ANOVA results for the particle size fractions from the 10-15 cm sampling 
interval are shown in Table 3. These data indicate that no significant differences were 
observed among any of the study sites for the clay fraction. Significantly higher silt and 
sand fractions were observed on the sites colonized by B. tectorum in 1987, 1998, with no 
observed differences between 2002, 1987 and .4. tridentata sites.
Composited particle size data (0-15 cm) did not show any significant differences 
in clay values among the sampled sites (Table 3). An increase in the silt fraction was 
observed across all B. tectorum sites when compared to A. tridentata values. Sand 
fractions for all B. tectorum sites, save 1985, were significantly lower than the sand 
fractions for A. tridentata.
Sand sieve fractions (very coarse, coarse, medium, fine, very fine)
T-tests were used to analyze the sub-divided sand fractions to test for significant 
differences between the mean values o f very coarse, coarse, medium, fine, and very fine 
sand fractions (Table 4). B. tectorum sites showed significant increases in the very coarse 
and coarse sand fractions across all sampling intervals (Table 4). There were also 
significant differences between the composited means for the very coarse and coarse sand 
fractions for 5. tectorum and^. tridentata (Table 4). Data for the medium sand fraction 
indicated significant increases between the composited means of B. tectorum and A.
21
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tridentata but showed no statistical differences between the means for the other sampling 
intervals. Statistically significant decreases in the fine and very fine sand fractions across 
all sampling intervals were observed on sites that had been colonized by B. tectorum 
(Table 4).
An analysis of variance was used to test for significant differences in the sand 
fraction data (vc, c, m, f, vf) across all sites (1985, 1987, 1998, 2002, andW. tridentata) 
and for each sampling interval (0-5, 5-10, 10-15 and composited (0-15)). Results are 
shown in Table 5 and in Figure 3. For the 0-5 cm sampling depth significant increases in 
the very coarse, coarse, and medium sand fractions were observed for B. tectorum sites as 
compared to A. tridentata sites, with decreases seen in the fine and very fine sand 
fractions. Sand traction data for the 5-10 cm sampling interval indicated a similarly 
significant increase in the very coarse, coarse, and medium sand fractions on colonized 
sites and a significant decrease in the fine and very fine sand fractions (Figure 4). B. 
tectorum sites showed an increase in the very coarse, eoarse, and medium sand fractions 
for the 10-15 cm sampling interval as well. A decrease in pereent fine and very fine sand 
was observed on colonized sites over the 1 0 -1 5  em sampling interval. Sand fraction 
data for composited samples indicate an increase in the very coarse sand fraction for 
1985, 1987 and 2002, with no differences observed between the B. tectorum site 
colonized in 1998 and the A. tridentata sites. Data for the coarse sand fraction shows 
significantly higher values on sites colonized in 1985 and 1987 but no differences 
between the other two B. tectorum sites and A. tridentata. Composited samples for the 
medium sand fraction suggest no significant differences between ̂ 4. tridentata sites and
22
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the sites colonized in 1998 or 2002 with significantly higher values observed for the years 
1985 and 1987 (Figure 4).
A. tridentata sites have significantly higher mean fine sand fractions than any of 
the composited B. tectorum samples. Very fine sand fraction data indicate that colonized 
sites have significantly lower means than the A. tridentata sites.
23
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Table 2. Soil particle size fraetion data for all sampling intervals (0-5, 5-10, 10-15 cm
and composited) aecording to vegetation type.
Sampling Vegetation
Depth Designation n Clay Silt Sand
cm %
0-5 B. tectorum 12 7.5  ̂(2.3)^ 40.0 (9.2)* 52.5 (10.5)*
A. tridentata 12 7.2 (2.7) 215 (5J) 69.3 (4.4)
p  value 0.795 < 0.001 < 0.001
5-10 B. tectorum 12 9.9 (3.1) 38.9 (9.9)* 51.2 (11.4)*
A. tridentata 12 8.2 (2.8) 24.5 (4.7) 67.4 (4.8)
p  value 0.155 < 0.001 < 0.001
10-15 B. tectorum 12 11.3(1.5)* 37.9 (10.3)* 51.0 (11.1)*
A. tridentata 12 8.9 (3.2) 24.5 (3.4) 67.0 (4.0)
p  value 0.039 0.001 <0.001
composited B. tectorum 36 9.6 (1.9) 39.0 (9.2)* 51.5 (10.7)*
A. tridentata 36 8.1 (2.5) 24.1 (4.1) 67.7 (4.0)
p  value 0.124 <0.001 <0.001
{ mean value
t  values in parentheses represent standard deviations 
* = Significant at alpha = 0.05
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Table 3. Soil particle size fraction data for each sampling interval (0-5, 5-10, 10-15 cm 
and composited) for all years o f# , tectorum colonization (1985, 1987, 1998, and 2002) 
and A. tridentata sites.
Sampling depth 
cm
Vegetation
Designation
Year colonized 
{B. tectorum only) n Clay Silt
“■i
Sand
0 -5 B. tectorum 1985 3 5.T(0.8)a** 32.5 (0.4)a 62.5 (l.l)a
B. tectorum 1987 3 8.6 (0.3)a 49.4 (3.0)b 41.9 (2.7)b
B. tectorum 1998 3 6.8(1.5)a 30.7 (3.4)ac 62.4 (1.2)a
B. tectorum 2002 3 9.4 (2.8)a 47.3 (4.4)b 43.2(1.7)b
A. tridentata N/A 12 7.2 (2.7)a 23.5 (5.5)c 69.3 (4.4)c
5-10 B. tectorum 1985 3 9.5 (0.8)abc 24.3 (3.9)ae 66.2 (3.3)ae
B. tectorum 1987 3 11.6 (1.8)abc 48.0 (0.5)bd 40.3 (1.3)bd
B. tectorum 1998 3 6.0 (3.1)ac 37.9 (4.4)cd 56.1 (4.1)c
B. tectorum 2002 3 12.6(1.4)b 45.4 (0.8)d 42.0 (2.1)d
A. tridentata N/A 12 8.2 (2.8)c 24.5 (4.7)e 67.4 (4.8)e
10-15 B. tectorum 1985 3 10.7(1.0)a 21.9(2.7)ae 67.5 (3.6)ae
B. tectorum 1987 3 13.1 (l.O)a 46.2(1.2)bd 40.7 (0.3)bd
B. tectorum 1998 3 9.7 (0.5)a 38.0 (0.8)c 52.3 (1.2)c
B. tectorum 2002 3 11.6(0.8)a 45.3(1.6)d 43.1 (1.2)d
A. tridentata N/A 12 8.9 (3.2)a 24.5 (3.4)e 66.6 (4.0)e
Composited’ B. tectorum 1985 9 8.4 (0.7)a 26.2 (2.3)ae 65.4 (2.6)ae
B. tectorum 1987 9 11.1 (0.9)a 47.9 (0.7)bd 41.0(1.3)bd
B. tectorum 1998 9 7.5 (0.9)a 35.5 (0.8)c 57.0(1.4)c
B. tectorum 2002 9 11.2 (0.7)a 46.0 (2.2)d 42.7(1.6)d
A. tridentata N/A 36 8.1 (2.5)a 24.1 (4.1)e 67.7 (4.0)e
t  means
t  standard deviations
T| derived from the mean of all three depths
* Values in a column having the same letter are not significantly different at the a  = 0.05 level according to an ANOVA 
Tukey’s multiple comparisons test.
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Table 4. Soil sand sieve size fraction data for all sampling intervals (0-5, 5-10, 10-15 cm
and composited) according to vegetation type.
V eg eta tio n  vc  c  m  f  v f
Sam pling D ep th  D esignation  n  ( 2 .0 - 1.0 mm) (1 .0-0 .5  mm) (0.5-0.25 mm) (0.25-0.1 mm) (0 .1 -0.05 mm) 
cm   % ----------------------------------------------------
0-5 B. tectorum 12 2.5 (1.8)* 2.8 (1.8)* 2.5 (1.1) 11.7 (3.9)* 33.2 (6.9) *
A. tridentata 12 0.5 (0.4) 1.2 (0.6) 1.9 (0.7) 21.5(4.6) 44.3 (4.7)
p  value 0.002 0.016 0.13 <0.001 < 0.001
5-10 B. tectorum 12 2.8 (2.2) * 2.9 (2.0) * 2.4 (1.7) 11.7 (5.13)* 31.3 (5.27) *
A. tridentata 12 0.4 (0.3) 0.8 (0.4) 1.6 (0.6) 22.8 (5.7) 41.8(4.8)
p  value 0.003 0.006 0.168 < 0.001 < 0.001
10-15 B. tectorum 12 2.7 (2.2) * 2.7 (1.9) * 2.2 (1.5) 11.1 (4.8) * 32.1 (5.1)*
A. tridentata 12 0.4 (0.3) 0.8 (0.4) 1.7 (0.6) 23.7 (3.6) 40.0 (3.3)
p  value 0.003 0.006 0.26 < 0.001 < 0.001
composited B. tectorum 36 2.7 (2.0) * 28(1.9)* 2.4 (1.4)* 11.5(4.5)* 32.2 (5.7) *
A. tridentata 36 0.4 (0.3) 1.0 (0.5) 1.7 (0.6) 22.6 (4.7) 42.0 (4.6)
p  value < 0.001 < 0.001 0.017 <0.001 < 0.001
f  values in parentheses represent standard deviations 
* = Significant at alpha = 0.05
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Sampling Vegetation Year colonized 
depth Designation {B, tectorum only)
cm
K>
VC c m f  vf
(2.0 - 1.0 mm) (1.0-0.5 mm) (0.5 - 0.25 mm) (0.25-0.1 mm) (0.1-0.05 mm)
 %------------------------------------------
0-5 B. tectorum 1985 3 4.4’ (1.4)* a* 5.2 (1.4) a 4.2 (0.5) a 14.6 (0.5) ab 34.18 (2.9) ab
B. tectorum 1987 3 3.6 (0.6) a 3.2 (0.5)b 2.4 (0.5) b 7.3 (1.1) a 25.4 (2.11) a
B. tectorum 1998 3 0.9 (0.6) b 1.1 (0.5) c 1.7 (0.3) b 16.0 (0.9) be 42.7 (2.8) be
B. tectorum 2002 3 0.9 (0.4) b 1.5 (0.5) c 1.6 (0.3) b 8.8 (0.7) ab 30.4 (0.8) a
A. tridentata N/A 12 0.4 (0.4) b 1.2 (0.6) c 1.9 (0.7) b 21.5(4.6)0 44.3 (4.7) c
5-10 B. tectorum 1985 3 5.6 (1.0) a 5.7 (1.2) a 5.0 (0.9) a 18.1 (1.5) ae 31.7 (1.1) ab
B. tectorum 1987 3 3.9 (0.4) b 3.4 (0.1) b 1.9 (0.01) b 6.4 (0.3) b 24.8 (1.0) a
B. tectorum 1998 3 0.8 (0.5) c 1.1 (0.6) c 1.3 (0.4) b 14.8 (0.9) ab 38.2 (3.5) be
B. tectorum 2002 3 1.0 (0.4) 0 1.3 (0.3) c 1.3 (0.1)b 7.8 (0.9) ab 30.6 (1.4) b
A. tridentata N/A 12 0.4 (0.3) 0 0.8 (0.4) c 1.6 (0.6) b 22.8 (5.7) c 41.7(4.8)0
10-15 B. tectorum 1985 3 4.6 (1.3) a 5.2 (0.9) a 4.6 (0.6) a 17.3 (2.9) a 35.8 (1.4) ae
B. tectorum 1987 3 4.8 (0.9) a 3.5 (0.4) b 1.8 (0.1) b 6.2 (0.5) b 24.5 (0.7) b
B. tectorum 1998 3 0.5 (0.1) b 0.7 (0.1) c 1.2 (0.3) b 13.3 (0.6) ae 36.4 (1.0) ae
B. tectorum 2002 3 1.1 (0.4) b 1.3 (0.2) c 1.3 (0.1)b 7.7 (0.4) be 31.7 (0.8) a
A. tridentata N/A 12 0.4 (0.3) b 0.8 (0.4) c 1.7 (0.5)b 23.7 (3.6) d 40.0 (3.3) e
Composited’ B. tectorum 1985 9 4.9 (1.2) a 5.4(1.l) a 4.6 (0.7) a 16.6 (2.3) a 33.9 (2.5) a
B. tectorum 1987 9 4.1 (0.8) b 3.4 (0.4) b 2.0 (0.4) b 6.6 (0.8) b 24.9 (2.5) b
B. tectorum 1998 9 0.8 (0.4) cd 1.0 (0.4) c 1.4 (0.4) be 14.7 (1.4) a 39.1 (3.6) e
B. tectorum 2002 9 1.0 (0.4) c 1.4 (0.3) c 1.4 (0.2) c 8.1 (0.8) b 30.9 (1.1) a
A. tridentata N/A 36 0.4 (0.3) d 1.0 (0.5) c 1.7 (0.6) be 22.6 (4.7) e 42.0 (4.6) 0
t  means
i  standard deviations
It derived from the mean of all three depths
* Vaines in a column having the same letter are not significantly different at the a -  0.05 level according to a ANOVA Tukey’s multiple 
comparisons test.
Figure 3. Particle size distribution for each of the sampled depths (0-5, 5-10, and 10-15 
cm) and for composited samples (0-15 cm).
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Figure 3 (cont.)
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Soil physical and hydrological data
Soil physical and hydrologie property means and standard deviations across both 
vegetation types are shown in Table 6. Mean aggregate stability values were 
significantly higher (p = 0.018) on 5. tectorum sites than tridentata sites. No 
differences in mean bulk density (Table 6) were observed between the two vegetation 
designations {B. tectorum = 1.0 g cm'^, A. tridentata = 0.96 g cm'^). Surface roughness 
on B. tectorum sites was found to be significantly lower (p < 0.001) than on A. tridentata 
sites (Table 6). Surface strength was significantly higher (p < 0.001) on B. tectorum sites 
(mean = 1.17 kg cm^) than on^L tridentata sites (mean = 0.13 kg cm )̂. The distribution 
o f surface strength measurements across B. tectorum sites (0.65 to 2.18 kg cm'^) and A. 
tridentata sites (0.05 to 0.65 kg cm^) suggests high measurement variability. Mean 
saturated conductivity was significantly (p < 0.001) lower on 5. tectorum sites (0.19 cm 
s'^) than on A. tridentata (0.49 cm s ') sites. No significant differences in unsaturated 
conductivity between the two vegetation designations were observed.
Soil physical and hydrologie property means and standard deviations by year, as 
compared to A. tridentata, are shown in Table 7. Aggregate stability data for 5. tectorum 
sites colonized in 1985 and 1987 had significantly higher mean values than the other B. 
tectorum or A. tridentata sites. Surface roughness data for each of the B. tectorum sites 
and A. tridentata sites were significantly different from one another (p = 0.03) with the A. 
tridentata site mean higher than the means from any of the B. tectorum sites. Surface 
strength measurements over the time since colonization {B. tectorum) and as compared to
A. tridentata indicated that there are statistically significant differences (p < 0.001) 
between B. tectorum sites colonized in 1985, 1998, and 2002 as compared to the site
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colonized by B. tectorum in 1987 and the A. tridentata site mean. No relationship with 
bulk density over the time since colonization by B. tectorum, or as compared to A. 
tridentata, was found.
No difference in unsaturated conductivity was found between B. tectorum sites 
(divided according to time since colonization) or in comparison to A. tridentata.
Saturated conductivity values were significantly (p < 0.001) lower for 5. tectorum sites 
colonized in 1987, 1998, and 2002 as compared to the site invaded in 1985 and the A. 
tridentata site (this site had the highest mean saturated conductivity).
Hydrophobicity
Results of the WDPT test indicate that none of the surface soils examined in this 
study were hydrophobic. Nearly all (>95%) o f the water drops infiltrated in less than one 
second, putting each of the soils into the weakly hydrophobic class, regardless o f which 
species was present on the site.
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Table 6. T-test results of soil physical properties according to vegetation type.
Aggregate Stability
Bulk Density 
(g cm'̂ )
Surface
Roughness
Surface Strength 
(kg cm-2)
Saturated Conductivity Unsaturated Conductivity 
(cm s'*) (cm s')
B. tectorum 4.8' (1.52)f* [72]$ 1.00 (0.10) [12] 1.05 (0.02)* [20] 1.2(1.23)* [120] 1.88 X  10'̂  (1.42 X  10’')* [241.47 xlO-3 (7.18x10-4) [24]
A. tridentata 4.1 (1.81) [72] 0.96 (0.13) [36] 1.11 (0.07) [24] 0.1 (0.30) [124] 4.85 X  10’̂  (2.11 X  10"') [24] 1.55x10-3 (9.78x10-4) [24]
H mean values
* Significant at the 0.05 probability level 
t  values in parentheses represent standard deviations 
J Values in braekets indicate sample size
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Table 7. Soil physical properties for each of the B. tectorum sites (by year o f invasion) and for tridentata sites.
Vegetation
Designation
Year colonized 
(B. tectorum only)
Bulk Density 
(g cm '^ n
Aggregate
Stability n
Surface 
Roughness n
Surface Strength 
(kg cm-2) n
Saturated Conductivity
(cm s ')  n
Unsaturated Conductivity 
(cm s ') n
B. tectorum 1985 1.07^ (0.09)'a* 3 5.6 (0.98)a 18 1.05 (0.02) a 5 0.9 (0.95) a 30 4.01 X 10'" (8.1 X 10"*) a 6 1.76x10"'(9.31x10") a 6
B. tectorum 1987 0.90 (0.03)a 3 5.7 (0.84) a 18 1.05 (0.02) a 5 2.2 (1.77)b 30 7 .0 8 x l0 " '(1 .7 3 x l0 '* )b 6 1.19x10 '  (4.24x10") a 6
B. tectorum 1998 1.03 (0.04)a 3 3.9 (1.63) b 18 1.06 (0.01) a 5 0.9 (0.68) a 30 1.00 X 10'  ̂(4.21 x l O ^ ) b 6 1.84x10"'(5.88x10"*) a 6
B. tectorum 2002 0.99 (0.1l)a 3 3.9 (1.53) b 18 1.07 (0.02) a 5 0.7 (0.53) a 30 1.81 X 10'  ̂(6.3 X 10"*) b 6 1.08x10"'(6.57x10") a 6
A. tridentata 0.99 (0.13)a 36 4.1 (1.81) b 72 1.11 (0.02) a 24 0.1 (.30) c 124 4 .85x10" '(2 .11x10  ')  a 24 1.55x10"'(9.78x10"*) a 24
CD
Q.
t  means
I standard deviations
H derived from the mean of all three depths
* Values in a column having the same letter are not significantly different at the a  = 0.05 level according to z 
ANOVA Tukey’s multiple comparisons test.
■D
CD
C /)
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CHAPTER 4 
DISCUSSION
Interpretation
The hypothesis that B. tectorum alters soil physical properties, and thus soil 
hydraulic properties, could not be rejected. Changes in soil due to B. tectorum 
establishment are resulting in significantly less surface roughness, increased bulk density, 
changes to the particle size fractions, alterations to sand sieve fractions and increased 
surface strength as compared to sites occupied by A. tridentata-, all o f which are soil 
physical properties related to water movement into and through the soil profile. Increases 
in the silt particle size fraction, along with increased very coarse, coarse, and medium 
sand fractions were observed on sites which had been colonized by B. tectorum. 
Significant decreases in the sand particle size fraction were observed on B. tectorum sites. 
While no difference was found between unsaturated conductivity values for the two 
vegetation designations, saturated conductivity values were observed to decrease 
following colonization by B. tectorum. No significant difference in hydrophobicity was 
observed between B. tectorum or A. tridentata sites in this study.
Soil hydraulic properties
Water movement through soil largely depends upon the amount o f water to move 
through the soil, the soil’s water content, and the physical properties characterizing the
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soil profile. Interactions among soil texture (Schuh and Bander, 1986), structure (Saxton 
and Rawls, 2006), organic matter (Saxton and Rawls, 2006), surface roughness (Le 
Bissonnais et al., 2005), and topography are key factors (Yair, 1990) in soil water 
movement. The soil properties measured in this study were chosen because of their 
previously demonstrated importance in affecting water movement and due to the 
hypothesized change in soils brought about by the invasion of B. tectorum. The potential 
changes to soil hydraulic properties from an invasive species such as B. tectorum are 
important to consider as soil water can influence nutrient movement and availability, soil 
pH, and the timing and amount o f plant-available water (Berendse et al., 1992, Melgoza 
et al., 1990, Vinton and Burke, 1995).
No significant differences in unsaturated conductivity (mini-disk infiltrometer) 
between B. tectorum sites and the A. tridentata sites were observed while data collected 
using the double-ring infiltrometer showed a significant decrease in saturated 
conductivity on sites invaded by B. tectorum. The discrepancy in results between the 
double ring infiltrometer and the mini-disk infoltrometer could be due to: the small 
contact patch of soil sampled when using the mini-disk infiltrometer as compared to the 
larger surface area sampled with the double-ring infiltrometers; user error; or the inherent 
difference in the soil properties the two measurements are evaluating. Double-ring 
infiltrometers measure the saturated conductivity of the soil in a vertical section, with the 
outside ring minimizing the amount o f horizontal flow of the progressing wetting front. 
This permits the measurement o f water movement through a soil column with a known 
cross-sectional area and allows for comparisons of conductivity rates through the soil to 
be acquired (Abuja et al., 1976). Double-ring measurements are also evaluating the
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saturated conductivity of the soil at a set (dependent upon sampling conditions) positive 
pressure head. The mini-disk infiltrometer (a tension infiltrometer) is measuring the 
matric potential of the soil at a known negative pressure head. Mini-disk infiltrometer 
measurements are affected by both the vertical and horizontal components of the wetting 
front as it moves through the soil. The distinction between the double ring infiltrometer 
and min-disk infiltrometer is important as it allows for a more complete picture of the 
way water will move through the soil profile by enabling the distinction to be made 
between predominantly vertical flow due to gravity (double-ring measurements) and flow 
due to the matric potential of the soil (mini disk measurements).
Soil physical properties
In this study, B. tectorum sites had significantly less surface roughness as 
compared to A. tridentata sites. Surface roughness affects how water moves across the 
soil surface and ultimately can affect the amount of water that infiltrates the soil (Le 
Bissonnais et al., 2005). A soil with a smooth surface can have greater overland flow, 
thus allowing less water to infiltrate the soil (Le Bissonnais et al., 2005). Soil that has a 
rougher surface can slow overland flow, possibly even capturing some of the water in 
small ponds in surface microtopography, thus allowing for increased infiltration rates 
(Lampurlanes and Cantero-Martinez, 2006). In areas where water ponds, this may lead to 
localized instances of saturated conditions. Surface roughness could therefore play an 
important role in arid systems where the majority of the precipitation occurs during 
isolated high intensity precipitation events (or “pulses”) (Huxman et al., 2004) likely to 
produce high volumes of surface runoff (Osterkamp and Friedman, 2000). If B. tectorum
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is acting to decrease the surface roughness o f invaded sites, it is likely affecting the 
amount of water infiltrating into the soil. First, on slopes, this alteration of the 
microtopography could influence the speed at which surface waters run off of a site and 
therefore affect the amount o f water able to infiltrate into the soil. However, the effect of 
decreased surface roughness on sites invaded by B. tectorum could be offset by plant 
stem density. The greater density of plant stems present in a stand of B. tectorum 
compared to the density of the stems in the native A. tridentata stands could have the 
effect o f slowing overland flow and thus increase the opportunity for infiltration in spite 
of the observed decrease in surface roughness. Williamson et al. (2004) noted that sites 
in California which were converted from chaparral (including, but not limited to; 
Adenostoma Fasciculatum, Quercus dumosa, Ceanothus crassifolius) to grass (Ehrharta 
calycina) had an increase in infiltration as a result o f more even distribution o f captured 
water via stem-flow into the soil. It has also been noted that B. tectorum can be more 
effective at mining and capturing the available soil moisture of native species it is in 
competition with (Knapp, 1996, Melgoza et al., 1990).
Increases in the clay particle size fraction were observed in the lower sampled 
horizon (1 0 -1 5  cm), with increases in the silt particle size fraction across all sampling 
intervals (Table 2), and a decrease in the sand particle size fraction across all sampled 
horizons for B. tectorum sites. On B. tectorum sites, the sand sieve fraction increased in 
the very coarse to medium sand size fractions while a decrease was seen in the fine and 
very fine sand fractions. Belnap and Phillips (2001) previously observed similar results 
for an increase in the silt fraction (soils were sampled from 0 - 1 0  cm) following the 
colonization of a site by B. tectorum. This increase in the clay and silt fractions, which
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were most pronounced in the upper 5 cm, could contribute to the lower saturated 
conductivity values on B. tectorum sites by creating a discontinuity/air-water interface 
between the finer particle size fraction in the upper portion of the soil and the coarser 
(higher sand percentage) particle size fraction lower in the soil surface. Such a 
discontinuity could slow the rate at which water will move through the soil if  the upper 5 
cm must become saturated before water movement into the deeper soil horizons were to 
occur. Schuh and Bander (1986) indicated significant relationships between soil particle 
size distributions and hydraulic conductivity values by noting lower conductivity values 
with increasing clay and emphasized the importance of sand to silt ratios as a predictor of 
soil hydraulic properties.
The observed textural differences in particle size fractions, altered sand size 
fractions, increased bulk density and lowered surface roughness as a result of invasion by
B. tectorum suggest several potential explanations for the corresponding decrease in 
saturated hydraulic conductivity. Structure largely determines the type, amount, and size 
of the pore space within the soil (Brady and Weil, 2002). Soil structure modification, 
though not described in this study, could be indicated by the increased surface strength, 
increased aggregate stability and increased bulk density values on B. tectorum sites. The 
development and stabilization of soil structure is determined by a number of factors, 
including the amount o f SOM,, amount and type of micro- and macrofauna, shrink/swell 
action of the soil (as a result of wetting/drying cycles or freeze/thaw action), texture, and 
types o f clays present (Cades, 1993). Several studies have shown that the transition from 
a shrub-dominated system, such as that characterized by the A. trMentata-àommsLioé 
sites observed in this study, to a system dominated by a perennial grass such as B.
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tectorum, will have the effect o f altering soil physical properties such as bulk density, 
SOM, texture, or nutrient availability. (Berendse, 1998, Norton et al., 2004, Rimer and 
Evans, 2006, Williamson et al., 2004).
The specific mechanism for the observed differences in the particle size fraction 
data were unable to be directly derived fi*om data collected in this study. However, 
plausible hypotheses exist which could serve to explain the measured observations. One 
explanation is that B. tectorum could be serving as a trap for eolian fines and thus 
contributing to the higher silt fractions observed for invaded sites. Reheis et al. (1995) 
noted that dust particle size distributions in southern Nevada and California consisted of 
up to 50 % silt fractions by weight. It was noted by Goossens and Gross (2002) that the 
selective transport of silts and fine to very fine sands fi*om a loamy sandy soil when the 
median surface particle size was very fine sand. If very fine to fine sand fractions are 
being eroded fi*om B. tectorum sites then this would allow the relative amounts of very 
coarse to medium sand fractions to increase but cause an overall decline in sand sized 
grains on B. tectorum sites. The loss of the very fine to fine sand fractions from the B. 
tectorum soil would thus increase the relative percent o f silts and clays when calculating 
the percentages for each of the particle size classes.
Significantly higher bulk density values were observed on B. tectorum sites as 
compared to A. tridentata sites. No significant relationship was found with increasing 
bulk density over the time since colonization by B. tectorum. This suggests that bulk 
density changes on B. tectorum sites took place directly following invasion o f the site by
B. tectorum. Differences in bulk density values between the two vegetation types may lie 
in the significant difference in surface roughness found between the two vegetation types.
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Significantly lower surface roughness was found on B. tectorum sites, which theoretically 
might result in more soil per unit area on B. tectorum sites (less surface roughness would 
result in a flatter surface) and thus higher bulk densities (Chang et al., 2007). Norton et 
al. (2004) noted that there were significant differences in the size and quantity of roots 
present beneath A. tridentata and B. tectorum sites, which could serve to explain the 
higher bulk densities o f the soil on the B. tectorum sites as a result of a loss o f the 
formation of macropores by the larger roots o f the A. tridentata plants.
The aggregate stability increase on B. tectorum sites over time (Figure 3) could be 
attributed to changes to the particle size fractions, altered quantity and distribution of 
roots (Oades, 1993), or increases in surface soil organic matter. Previous studies have 
shown an increase in organic carbon as a result o f B. tectorum invasion. Garcia-Orenes et 
al. (2005) noted a positive correlation between an increase in soil organic carbon in the 
soil and a subsequent increase in aggregate stability. Norton et al. (2004) observed that 
while B. tectorum sites had equivalent amounts o f SOM in the upper A horizons (as 
compared to A. tridentata sites) there was a significantly lower amount o f SOM soil 
organic matter in the upper 50 cm of the soil. This observed decrease in the amount of 
SOM could serve to increase the bulk density of the soil and hinder the formation of well 
developed soil structure, thus leading to a decrease in the infiltration o f water into the soil 
surface. Garcia-Orenes et al. (2005) noted that soils that had an increase in the 
percentage o f water stable aggregates, as a result of an increase in soil organic carbon, 
also had subsequent decreases in the soil bulk density of the soil. A similar decrease in 
bulk density with increasing aggregate stability was not found in the current study.
Higher aggregate stability values on B. tectorum sites in the current study could have
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implications for soil water movement. As aggregate stability decreases, soil aggregates 
can be more easily degraded during a rainfall with dislodged soil particles subsequently 
plugging soil pores (Zhang et al., 2007). This can in turn decrease infiltration and 
increase runoff via overland flow (Zhang et al., 2007). It was also noted by Zhang et al. 
(2007) that higher rates of saturated conductivity can be linked to higher macroporosity 
and higher aggregate stability. However, it should be noted that no direct correlation was 
found between increases in observed aggregate stability and either saturated or 
unsaturated conductivity.
While B. tectorum soils in this study had a measured increase in water stable 
aggregates as compared to native A. tridentata sites, they also had an increase in bulk 
density. This contradicts results found by Garcia-Orenes et al. (2005) who found 
increases in aggregate stability corresponded to decreases in bulk density (due to soil 
organic carbon increases). Differences in aggregate stability values between vegetation 
types sites in the current study may be due to the differences in the size and distribution 
of the roots present under the two vegetation types. B. tectorum roots are finer and 
denser than vf. tridentata roots (Norton et al., 2004).
Site selection and sampling constraints
While all possible efforts were made to select sites which would isolate specific 
soil variables which could be changing solely in response to B. tectorum invasion, some 
variability could likely be resulting from differences in site lithology, geomorphic age, or 
land use (including past grazing pressure differences). However, in spite of the 
possibility of confounding variables, sampling locations and conditions were dictated by
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the available site data for areas which had a known fire history and time frame of B. 
tectorum invasion. The selected sites were chosen with regard to minimizing the 
variability inherent to soils and to denoting and observing differences which could likely 
be attributed to a dramatic plant cover change such as occurs when a site is converted 
from an A. tridentata characterized site to one inhabited predominantly by B. tectorum. 
For the selected sites, the A. tridentata sites would represent an original set o f conditions 
at which an equilibrium was reached. The B. tectorum sites would then represent a shift 
towards a new set of conditions which served to alter the soil from its previous state.
This is most noticeable on the site colonized in 1985 for which significant changes to soil 
physical and hydraulic properties were observed. In essence the B. tectorum sites 
represent a before and after condition.
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CHAPTER 5 
CONCLUSIONS
The observed decreases in saturated conductivity, along and surface roughness in 
conjunction with statistically significant increases in values for; aggregate stability, bulk 
density, surface strength, clay/ silt particle fractions, and increases in the vc, c, and m 
sand sized fractions suggest that B. tectorum is altering soil properties enough to affect 
soil water movement. Decreases in surface roughness and increased aggregate stability on 
B. tectorum sites could lead to greater amounts of runoff; subsequently providing less 
available water for infiltration into the soil profile. Increased silt and clay on colonized 
sites along with decreases in the fine to very fine sand fractions could be indicative of 
changes to soil structure, porosity and thus infiltration. The findings of this study 
indicate that significant changes to soil physical and hydrological properties are occurring 
on site that B. tectorum invades, but that further research is needed to elucidate the 
specific mechanisms, which are driving the magnitude and direction of these changes.
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APPENDIX
Table A. I. NCDC surface climate data for the month in which hydraulic properties were 
measured. Daily values for precipitation (in), high temperature (Tmax), minimum 
temperature (Tmin) and average values for each day (Tmean) are shown.
Year Month Day Tmax Tmin Tmean Precipitation (in)
2006 June 1 89 37 63 0
2006 June 2 84 47 66 0
2006 June 3 84 45 65 0
2006 June 4 86 44 65 0
2006 June 5 89 40 65 0
2006 June 6 95 43 69 0
2006 June 7 83 59 71 Trace
2006 June 8 86 50 68 0
2006 June 9 82 42 62 T
2006 June 10 80 37 59 0
2006 June 11 87 43 65 0
2006 June 12 88 44 66 0
2006 June 13 75 46 61 0.03
2006 June 14 68 45 57 0.5
2006 June 15 70 44 57 Trace
2006 June 16 84 38 61 0
2006 June 17 86 43 65 0
2006 June 18 90 46 68 0
2006 June 19 83 54 69 0
2006 June 20 86 38 62 0
2006 June 21 86 44 65 0
2006 June 22 91 42 67 0
2006 June 23 96 43 70 0
2006 June 24 98 54 76 0
2006 June 25 101 62 82 0
2006 June 26 100 52 76 0
2006 June 27 97 54 76 0
2006 June 28 93 59 76 0.01
2006 June 29 90 55 73 0
2006 June 30 92 63 78 0
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Table A.2. Saturated Conductivity data for each o f the measurement repetitions for the
sampled sites.
Infiltration (cm/s)
Site Year^ Vegetation* Sampling Date Measure 1 * Measure 2 Measure 3 Measure 4 Measure 5 Measure 6
PDl 1985 B. tectorum 6/7/2006 2.84E-03 3.33E-04 1.93E-03 1.05E-03 1.91E-03 2.52E-03
PD2 1998 B. tectorum 6/7/2006 2.16E-03 1.59E-03 9.07E-04 1.69E-03 2.63E-03 2.05E-03
PD5 1987 B. tectorum 6/9/2006 1.43E-03 1.19E-03 6.53E-04 1.87E-03 1.05E-03 9.20E-04
PD8 2002 B. tectorum 6/9/2006 1.55E-03 1.52E-03 5.20E-04 1.83E-03 8.67E-04 1.73E-04
SI N/A A. tridentata 6/11/2006 1.52E-03 8.27E-04 1.55E-03 7.73E-04 1.09E-03 l.llE -03
S2 N/A A. tridentata 6/11/2006 1.57E-03 3.81E-03 8.80E-04 4.07E-03 2.44E-03 1.19E-03
S3 N/A A. tridentata 6/11/2006 2.79E-03 2.96E-03 1.41E-03 7.73E-04 1.52E-03 1.59E-03
S4 N/A A. tridentata 6/11/2006 9.60E-04 1.57E-03 6.80E-04 8.13E-04 7.07E-04 4.93E-04
t  Year of colonization by 6. tectorum . N/A represents a site which was not colonized by B. tectorum.
# Type of the dominant vegetation characterizing each of the sampled sites.
* Refers to each of the replicate measurements made on the study sites.
Table A.3. Measurements of unsaturated conductivity made using a mini-disk
infiltrometer.
Infiltration (cm/s)
Site Year^ Vegetation* Sampling Date Measure 1* Measure 2 Measure 3 Measure 4 Measure 5 Measure 6
PDl 1985 B. tectorum 6/7/2006 2.86E-03 4.12E-03 3.93E-03 4.18E-03 3.63E-03 5.34E-03
PD2 1998 B. tectorum 6/7/2006 3.92E-04 9.26E-04 8.21E-04 9.11E-04 1.40E-03 1.56E-03
PD5 1987 B. tectorum 6/9/2006 8.81E-04 7.21E-04 5.17E-04 5.91E-04 9.44E-04 5.91E-04
PD8 2002 B. tectorum 6/9/2006 1.71E-03 1.36E-03 1.57E-03 3.08E-03 1.61E-03 1.55E-03
SI N/A A. tridentata 6/11/2006 2.50E-03 4.05E-03 6.22E-03 5.81E-03 3.45E-03 3.90E-03
S2 N/A A. tridentata 6/11/2006 7.98E-03 2.79E-03 5.00E-03 5.69E-03 2.57E-03 3.90E-03
S3 N/A A. tridentata 6/11/2006 3.37E-03 4.27E-03 7.53E-03 l.llE -02 5.85E-03 2.74E-03
S4 N/A A. tridentata 6/11/2006 4.72E-03 6.91E-03 2.27E-03 3.17E-03 4.52E-03 6.14E-03
t  Year of colonization by 6. tec toru m . N/A represents a  site wtiich w as not colonized by B. tectorum.
# Type of the dominant vegetation characterizing each of the sampled sites.
* Refers to each of the replicate measurements made on the study sites.
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Table A.4. Aggregate stability values for each of the sampled sites.
Aggregate Stab Site Vegetation# Aggregate Stab Site Vegetation#
5 SI A. tridentata 5 S3 A. tridentata
5 SI A. tridentata 4 S3 A. tridentata
5 SI A. tridentata I S3 A. tridentata
5 SI A. tridentata 3 S3 A. tridentata
1 SI A. tridentata I S3 A. tridentata
2 SI A. tridentata 4 S3 A. tridentata
2 SI A. tridentata 3 S3 A. tridentata
6 SI A. tridentata 3 S3 A. tridentata
6 SI A. tridentata 6 S3 A. tridentata
6 SI A. tridentata 6 S3 A. tridentata
5 SI A. tridentata I S3 A. tridentata
2 SI A. tridentata 4 S3 A. tridentata
6 SI A. tridentata 6 S3 A. tridentata
1 SI A. tridentata 6 S3 A. tridentata
6 SI A. tridentata 3 S3 A. tridentata
6 SI A. tridentata I S3 A. tridentata
2 SI A. tridentata 6 S3 A. tridentata
1 SI A. tridentata 3 S3 A. tridentata
5 S2 A. tridentata I S4 A. tridentata
5 S2 A. tridentata 5 S4 A. tridentata
6 S2 A. tridentata I S4 A. tridentata
6 S2 A. tridentata 2 S4 A. tridentata
5 S2 A. tridentata 4 S4 A. tridentata
5 S2 A. tridentata 2 S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
4 S2 A. tridentata 2 S4 A. tridentata
5 S2 A. tridentata I S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
4 S2 A. tridentata 3 S4 A. tridentata
4 S2 A. tridentata 5 S4 A. tridentata
4 S2 A. tridentata I S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
5 S2 A. tridentata 6 S4 A. tridentata
# Type of the vegetation characterizing each of the sampled sites.
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Table A.4. (cont.) Aggregate stability values for each o f the sampled sites.
jate Stab Site Yearf Vegetation# Aggregate Stab Site Yearf Vegetation#
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
3 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
5 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
5 PDl 1985 B. tectorum 4 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 3 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD5 1987 B. tectorum
6 PDl 1985 B. tectorum 6 PD6 1988 B. tectorum
3 PDl 1985 B. tectorum 5 PD5 1987 B. tectorum
6 PD2 1998 B. tectorum 6 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 5 PD8 2002 B. tectorum
6 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
5 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
5 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
1 PD2 1998 B. tectorum 6 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 6 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
5 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
6 PD2 1998 B. tectorum 4 PD8 2002 B. tectorum
1 PD2 1998 B. tectorum 5 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 2 PD8 2002 B. tectorum
4 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 6 PD8 2002 B. tectorum
3 PD2 1998 B. tectorum 3 PD8 2002 B. tectorum
6 PD2 1998 B. tectorum 5 PD8 2002 B. tectorum
5 PD2 1998 B. tectorum 1 PD8 2002 B. tectorum
t  Year of colonization by B. tectorum.
# Type of the vegetation characterizing each of the sampled sites.
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Table A.5. Bulk density (g/cm-3) values for sample sites.
Site Vegetation^ Depth (cm) Bulk Density
SI A. tridentata 0-5 &83
SI A. tridentata 0-5 0.69
SI A. tridentata 0-5 0.69
SI A. tridentata 0-5 0.95
SI A. tridentata 0-5 0.99
SI A. tridentata 0-5 1.12
SI A. tridentata 0-5 0.81
SI A. tridentata 0-5 0.89
SI A. tridentata 0-5 0.87
S2 A. tridentata 0-5 0.90
S2 A. tridentata 0-5 0.98
S2 A. tridentata 0-5 0.82
S2 A. tridentata 0-5 I.II
S2 A. tridentata 0-5 0.96
S2 A. tridentata 0-5 1.18
S2 A. tridentata 0-5 0.83
S2 A. tridentata 0-5 0.97
S2 A. tridentata 0-5 0.90
S3 A. tridentata 0-5 0.91
S3 A. tridentata 0-5 0.73
S3 A. tridentata 0-5 I.OI
S3 A. tridentata 0-5 1.06
S3 A. tridentata 0-5 1.20
S3 A. tridentata 0-5 1.09
S3 A. tridentata 0-5 I.OI
S3 A. tridentata 0-5 0.99
S3 A. tridentata 0-5 1.02
S4 A. tridentata 0-5 0.77
S4 A. tridentata 0-5 1.02
S4 A. tridentata 0-5 0.96
S4 A. tridentata 0-5 1.14
S4 A. tridentata 0-5 1.05
S4 A. tridentata 0-5 1.06
S4 A. tridentata 0-5 1.13
S4 A. tridentata 0-5 1.07
S4 A. tridentata 0-5 I.OI
PDl B. tectorum 0-5 1.16
FBI B. tectorum 0-5 1.07
FBI B. tectorum 0-5 0.99
FB2 B. tectorum 0-5 1.10
FB2 B. tectorum 0-5 0.96
FB2 B. tectorum 0-5 1.04
FB5 B. tectorum 0-5 0.93
FB5 B. tectorum 0-5 0.89
FB5 B. tectorum 0-5 0.87
FB8 B. tectorum 0-5 0.89
FB8 B. tectorum 0-5 0.99
FB8 B. tectorum 0-5 1.10
t  Year of colonization by B. tectorum.
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Table A.6. Surface strength values as measured using a Ben Meadows^"^ pocket
penetrometer.
Penetrometer Penetrometer
kg cm'^ Site Year Vegetation kg cm^ Site Vegetation
1 PDl 1985 B. tectorum 0.25 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0.25 SI A. tridentata
2.3 PDl 1985 B. tectorum 0.5 SI A. tridentata
4.6 PDl 1985 B. tectorum 0.5 SI A. tridentata
0.2 PDl 1985 B. tectorum 0.25 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.5 PDl 1985 B. tectorum 0 SI A. tridentata
0.5 PDl 1985 B. tectorum 0 SI A. tridentata
1.7 PDl 1985 B. tectorum 0 SI A. tridentata
1.2 PDl 1985 B. tectorum 0 SI A. tridentata
2.2 PDl 1985 B. tectorum 0 SI A. tridentata
1.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.5 PDl 1985 B. tectorum 0 SI A. tridentata
0.5 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.5 PDl 1985 B. tectorum 0 SI A. tridentata
2.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.7 PDl 1985 B. tectorum 0 SI A. tridentata
1.2 PDl 1985 B. tectorum 0 SI A. tridentata
1.1 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.7 PDl 1985 B. tectorum 0 SI A. tridentata
1 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.2 PDl 1985 B. tectorum 0 SI A. tridentata
0.8 PDl 1985 B. tectorum 0 SI A. tridentata
1.6 PDl 1985 B. tectorum 0 SI A. tridentata
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Table A.6. (cont.) Surface strength values as measured using a Ben Meadows^'^ pocket
penetrometer.
Penetrometer Penetrometer
kg cm'̂ Site Year Vegetation kg cm'̂ Site Vegetation
0.5 PD5 1987 B. tectorum 0.5 S2 A. tridentata
0.5 PD5 1987 B. tectorum 0.75 52 A. tridentata
1 PD5 1987 B. tectorum 1.25 S2 A. tridentata
1 PD5 1987 B. tectorum 0.25 S2 A. tridentata
1.2 PD5 1987 B. tectorum 0.25 S2 A. tridentata
1.5 PD5 1987 B. tectorum 0.25 S2 A. tridentata
4.7 PD5 1987 B. tectorum 0.25 S2 A. tridentata
4.7 PD5 1987 B. tectorum 0.25 S2 A. tridentata
4.7 PD5 1987 B. tectorum 0J5 82 A. tridentata
4.7 PD5 1987 B. tectorum 0.5 S2 A. tridentata
4.7 PD5 1987 B. tectorum 1.25 S2 A. tridentata
4.7 PD5 1987 B. tectorum 0 82 A. tridentata
3.2 PD5 1987 B. tectorum 0 82 A. tridentata
2.4 PD5 1987 B. tectorum 0 82 A. tridentata
4.7 PD5 1987 B. tectorum 0 S2 A. tridentata
4 PD5 1987 B. tectorum 0 82 A. tridentata
1 PD5 1987 B. tectorum 0 82 A. tridentata
4.7 PD5 1987 B. tectorum 0 S2 A. tridentata
0.2 PD5 1987 B. tectorum 0 82 A. tridentata
1.6 PD5 1987 B. tectorum 0 S2 A. tridentata
0.5 PD5 1987 B. tectorum 0 S2 A. tridentata
0.7 PD5 1987 B. tectorum 0 82 A. tridentata
2.2 PD5 1987 B. tectorum 0 82 A. tridentata
0.8 PD5 1987 B. tectorum 0 S2 A. tridentata
1.2 PD5 1987 B. tectorum 0 S2 A. tridentata
0.2 PD5 1987 B. tectorum 0 S2 A. tridentata
1 PD5 1987 B. tectorum 0 S2 A. tridentata
0.5 PD5 1987 B. tectorum 0 S2 A. tridentata
2 PD5 1987 B. tectorum 0 S2 A. tridentata
0.5 PD5 1987 B. tectorum 0 82 A. tridentata
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Table A.6. (cont.) Surface strength values as measured using a Ben Meadows^^ pocket
penetrometer.
Penetrometer Penetrometer
kg cm^ Site Year Vegetation kg cm^ Site Vegetation
1.2 PD2 1998 B. tectorum 0.25 S3 A. tridentata
0.7 PD2 1998 B. tectorum 0.5 S3 A. tridentata
0.1 PD2 1998 B. tectorum 0.5 S3 A. tridentata
0.2 PD2 1998 B. tectorum 0.5 S3 A. tridentata
0.7 PD2 1998 B. tectorum 0.25 S3 A. tridentata
1.8 PD2 1998 B. tectorum 0.5 S3 A. tridentata
0.2 PD2 1998 B. tectorum 1.25 S3 A. tridentata
2.1 PD2 1998 B. tectorum 0.5 S3 A. tridentata
0.2 PD2 1998 B. tectorum 2 S3 A. tridentata
1.6 PD2 1998 B. tectorum 0.25 S3 A. tridentata
1.2 PD2 1998 B. tectorum 0.25 S3 A. tridentata
0.8 PD2 1998 B. tectorum 0 S3 A. tridentata
1.7 PD2 1998 B. tectorum 0 S3 A. tridentata
1 PD2 1998 B. tectorum 0 S3 A. tridentata
2.2 PD2 1998 B. tectorum 0 S3 A. tridentata
1.2 PD2 1998 B. tectorum 0 S3 A. tridentata
1.8 PD2 1998 B. tectorum 0 S3 A. tridentata
1.7 PD2 1998 B. tectorum 0 S3 A. tridentata
1.6 PD2 1998 B. tectorum 0 S3 A. tridentata
0.7 PD2 1998 B. tectorum 0 S3 A. tridentata
0.1 PD2 1998 B. tectorum 0 S3 A. tridentata
0.1 PD2 1998 B. tectorum 0 S3 A. tridentata
1.2 PD2 1998 B. tectorum 0 S3 A. tridentata
1 PD2 1998 B. tectorum 0 S3 A. tridentata
1.3 PD2 1998 B. tectorum 0 S3 A. tridentata
0.2 PD2 1998 B. tectorum 0 S3 A. tridentata
0.1 PD2 1998 B. tectorum 0 S3 A. tridentata
0.1 PD2 1998 B. tectorum 0 S3 A. tridentata
0.5 PD2 1998 B. tectorum 0 S3 A. tridentata
0.2 PD2 1998 B. tectorum 0 S3 A. tridentata
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Table A.6. (cont.) Surface strength values as measured using a Ben Meadows^’̂  pocket
penetrometer.
Penetrometer Penetrometer
kg em^ Site Year Vegetation kg em'^ Site Vegetation
0.4 PD8 2002 B. tectorum 0.5 S4 A. tridentata
0.1 PD8 2002 B. tectorum 0.5 S4 A. tridentata
1.2 PD8 2002 B. tectorum 0.25 S4 A. tridentata
0.6 PD8 2002 B. tectorum 0.25 S4 A. tridentata
1.9 PD8 2002 B. tectorum 0.25 S4 A. tridentata
1.5 PD8 2002 B. tectorum 0.25 S4 A. tridentata
0.6 PD8 2002 B. tectorum 0 S4 A. tridentata
0.2 PD8 2002 B. tectorum 0 S4 A. tridentata
0.8 PD8 2002 B. tectorum 0 S4 A. tridentata
0.8 PD8 2002 B. tectorum 0 S4 A. tridentata
0.7 PD8 2002 B. tectorum 0 S4 A. tridentata
0.2 PD8 2002 B. tectorum 0 S4 A. tridentata
0.3 PD8 2002 B. tectorum 0 84 A. tridentata
0.1 PD8 2002 B. tectorum 0 S4 A. tridentata
0.5 PD8 2002 B. tectorum 0 S4 A. tridentata
0.2 PD8 2002 B. tectorum 0 S4 A. tridentata
0.5 PD8 2002 B. tectorum 0 S4 A. tridentata
0.3 PD8 2002 B. tectorum 0 54 A. tridentata
1.6 PD8 2002 B. tectorum 0 84 A. tridentata
0.6 PD8 2002 B. tectorum 0 84 A. tridentata
0.1 PD8 2002 B. tectorum 0 84 A. tridentata
0.8 PD8 2002 B. tectorum 0 84 A. tridentata
0.6 PD8 2002 B. tectorum 0 84 A. tridentata
0.1 PD8 2002 B. tectorum 0 84 A. tridentata
0.1 PD8 2002 B. tectorum 0 84 A. tridentata
0.8 PD8 2002 B. tectorum 0 84 A. tridentata
0.1 PD8 2002 B. tectorum 0 84 A. tridentata
1.6 PD8 2002 B. tectorum 0 84 A. tridentata
0.6 PD8 2002 B. tectorum 0 84 A. tridentata
1.6 PD8 2002 B. tectorum 0 84 A. tridentata
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Table A.7. Surface roughness values for sampled sites.
Site Surface ratio Vegetation
PDl 1.07 B. tectorum
PDl 1.03 B. tectorum
PDl 1.03 B. tectorum
PDl 1.03 B. tectorum
PDl 1.06 B. tectorum
PD5 1.03 B. tectorum
PD5 1.08 B. tectorum
PD5 1.05 B. tectorum
PD5 1.05 B. tectorum
PD5 1.04 B. tectorum
PD2 1.05 B. tectorum
PD2 1.05 B. tectorum
PD2 1.07 B. tectorum
PD2 1.05 B. tectorum
PD2 1.05 B. tectorum
PD8 1.08 B. tectorum
PD8 1.04 B. tectorum
PD8 1.03 B. tectorum
PD8 1.09 B. tectorum
PD8 1.10 B. tectorum
SI 1.22 A. tridentata
SI 1.12 A. tridentata
SI 1.12 A. tridentata
SI 1.22 A. tridentata
SI 1.05 A. tridentata
SI 1.04 A. tridentata
S2 1.12 A. tridentata
82 1.26 A. tridentata
S2 1.10 A. tridentata
82 1.08 A. tridentata
82 1.06 A. tridentata
82 1.05 A. tridentata
S3 1.14 A. tridentata
S3 1.05 A. tridentata
S3 1.12 A. tridentata
S3 1.14 A. tridentata
S3 1.07 A. tridentata
S3 1.07 A. tridentata
84 1.05 A. tridentata
84 1.09 A. tridentata
S4 1.08 A. tridentata
84 1.07 A. tridentata
84 1.32 A. tridentata
84 1.09 A. tridentata
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Table A.8. Particle size fractions for each o f the three sampled depths (0-5, 5-10, 10-15)
for all sampled sites.
Vegetation* Year^ Depth (cm) Sand % Clay % Silt %
B. tectorum 1985 0-5 63.6 4.1 323
B. tectorum 1985 0-5 62.3 5.5 322
B. tectorum 1985 0-5 61.5 5.6 329
B. tectorum 1998 0-5 6&8 7.6 28.6
B. tectorum 1998 0-5 62.0 7.8 30.2
B. tectorum 1998 0-5 61.5 5.1 33.4
B. tectorum 1987 0-5 44.0 9.0 46.9
B. tectorum 1987 0-5 42.9 8.4 48.7
B. tectorum 1987 0-5 3&9 8.4 52.7
B. tectorum 2002 0-5 41.7 6.4 51.9
B. tectorum 2002 0-5 42.9 10.2 46.9
B. tectorum 2002 0-5 45.0 11.8 43.1
A. tridentata N/A 0-5 72.9 5.1 22.0
A. tridentata N/A 0-5 728 3.8 224
A. tridentata N/A 0-5 67.7 2.5 2&8
A. tridentata N/A 0-5 62.0 3.8 34.2
A. tridentata N/A 0-5 6&3 7.6 23.1
A. tridentata N/A 0-5 70.6 7.7 21.7
A. tridentata N/A 0-5 64.1 8.9 27.0
A. tridentata N/A 0-5 77.2 10.2 12.6
A. tridentata N/A 0-5 65.1 9.0 25.9
A. tridentata N/A 0-5 72.0 9.0 19.0
A. tridentata N/A 0-5 66.4 10.2 23.5
A. tridentata N/A 0-5 71.3 8.9 19.8
# Type of the dominant vegetation characterizing each of the sampled sites.
t  Year of colonization by B. tectorum. N/A represents a site which was not colonized by B. tectorum.
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Table A.8 (cont.) Particle size fractions for each of the three sampled depths (0-5, 5-10,
10-15) for all sampled sites.
Vegetation* Year^ Depth (cm) Sand % Cby% Silt %
B. tectorum 1985 5-10 69.0 9.6 21.4
B. tectorum 1985 5-10 67.0 10.2 228
B. tectorum 1985 5-10 626 8.6 228
B. tectorum 1998 5-10 51.4 7.1 41.5
B. tectorum 1998 5-10 58.4 2.5 39.1
B. tectorum 1998 5-10 526 8.4 33.0
B. tectorum 1987 5-10 40.8 11.0 48.2
B. tectorum 1987 5-10 41.3 10.2 48.4
B. tectorum 1987 5-10 329 13.7 47.4
B. tectorum 2002 5-10 40.2 13.6 46.2
B. tectorum 2002 5-10 41.5 13.3 422
B. tectorum 2002 5-10 44.3 11.0 44.7
A. tridentata N/A 5-10 74.2 5.2 20.7
A. tridentata N/A 5-10 70.8 3.8 223
A. tridentata N/A 5-10 629 5.2 30.9
A. tridentata N/A 5-10 60.0 7.7 323
A. tridentata N/A 5-10 623 13.2 23.5
A. tridentata N/A 5-10 67.9 9.2 23.0
A. tridentata N/A 5-10 66.4 9.1 24.5
A. tridentata N/A 5-10 73.6 7.8 18.6
A. tridentata N/A 5-10 62.0 6.7 31.3
A. tridentata N/A 5-10 723 7.9 19.9
A. tridentata N/A 5-10 64.5 11.7 228
A. tridentata N/A 5-10 69.6 10.3 20.1
# Type of the dominant vegetation characterizing each of the sampled sites.
t  Year of colonization by 5. tectorum. N/A represents a site which was not colonized by B. tectorum.
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Table A.8 (cont.) Particle size fractions for each of the three sampled depths (0-5, 5-10,
10-15) for all sampled sites.
Vegetation* Year^ Depth (cm) Sand % Clay % Silt %
B. tectorum 1985 10-15 71.5 9.5 19.0
B. tectorum 1985 10-15 66.5 11.2 223
B. tectorum 1985 10-15 64.5 11.3 24.3
B. tectorum 1998 10-15 50.9 10.2 329
B. tectorum 1998 10-15 53.2 9.3 37.5
B. tectorum 1998 10-15 528 9.5 37.7
B. tectorum 1987 10-15 41.0 12.9 46.1
B. tectorum 1987 10-15 40.5 12.2 47.4
B. tectorum 1987 10-15 40.7 14.2 45.1
B. tectorum 2002 10-15 41.8 11.2 46.9
B. tectorum 2002 10-15 43.8 11.0 45.2
B. tectorum 2002 10-15 43.7 12.5 43.8
A. tridentata N/A 10-15 74.5 3.9 21.5
A. tridentata N/A 10-15 71.4 5.2 23.4
A. tridentata N/A 10-15 66.2 6.6 222
A. tridentata N/A 10-15 59.9 10.6 29.5
A. tridentata N/A 10-15 628 16.0 21.2
A. tridentata N/A 10-15 65.5 8.0 225
A. tridentata N/A 10-15 628 9.2 23.0
A. tridentata N/A 10-15 65.6 9.3 25.1
A. tridentata N/A 10-15 62.7 6.7 30.6
A. tridentata N/A 10-15 69.0 10.7 20.3
A. tridentata N/A 10-15 65.9 10.5 226
A. tridentata N/A 10-15 67.7 10.6 21.6
# Type of the dominant vegetation characterizing each of the sampled sites.
t  Year of colonization hy B. tectorum. N/A represents a site which was not colonized hy B. tectorum.
56
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table A.9. Sand fraction data for each sampled site.
Sand Fractions (g)
Year^ Site Vegetation* Hor. V. c c m f v.f.
N/A SI A. tridentata 0-5 0.27 0.44 0.74 6.91 20.08
N/A SI A. tridentata 5-10 0.21 0.43 0.9 7.53 19.64
N/A SI A. tridentata 10-15 0.21 0.47 0.99 10.3 16.41
N/A SI A. tridentata 0-5 0.09 0.64 1.07 7.57 19.23
N/A SI A. tridentata 5-10 0.10 0.38 0.77 9.27 17.08
N/A SI A, tridentata 10-15 0.09 0.32 0.76 9.02 17.07
N/A SI A. tridentata 0-5 0.10 0.48 0.71 7.82 17.47
N/A SI A. tridentata 5 - 10 0.03 0.21 0.45 8JW 15.63
N/A SI A. tridentata 10-15 0.05 0.18 0.51 8.94 15.28
N/A S2 A. tridentata 0-5 0.11 0.43 0.63 5.94 17.27
N/A S2 A. tridentata 5- 10 0.11 0.33 0.5 5.62 16.69
N/A S2 A. tridentata 10-15 0.13 0.31 0.53 7.13 14.47
N/A S2 A. tridentata 0 -5 0.07 0.31 0.57 8 29 18.03
N/A S2 A. tridentata 5-10 0.07 0.19 0.46 6.5 16.79
N/A S2 A. tridentata 10-15 0.08 0.15 0.46 7.82 15.01
N/A S2 A. tridentata 0 -5 0.06 0.39 0.56 7.73 18.88
N/A S2 A. tridentata 5-10 0.06 0.25 0.43 7.3 17.91
N/A S2 A. tridentata 10-15 0.05 0.21 0.42 7.4 16.6
N/A S3 A. tridentata 0 -5 0.54 1.03 1.24 7.77 14.69
N/A S3 A. tridentata 5 - 10 0.37 0.58 0.9 8.07 15.51
N/A S3 A. tridentata 10-15 0.35 0.56 Oj# 8.06 15.87
N/A S3 A. tridentata 0-5 0.03 0.21 0.4 11.08 18.64
N/A S3 A. tridentata 5-10 0.04 0.15 0.47 10.8 16.99
N/A S3 A. tridentata 10-15 0.03 0.14 0.53 847 14.89
N/A S3 A. tridentata 0-5 0.16 0.3 0.43 7.25 17.32
N/A S3 A. tridentata 5-10 0.16 0.23 0.47 848 14.38
N/A S3 A. tridentata 10-15 0.18 0.29 0.51 8.73 13.76
N/A S4 A. tridentata 0 -5 0.29 0.71 1.06 868 17.37
N/A S4 A. tridentata 5-10 0.37 0.61 1.1 11.49 13.99
N/A S4 A. tridentata 10-15 0.34 0.5 0.9 9.12 14.98
N/A S4 A. tridentata 0 -5 0.06 0.49 0.76 9.6 15.16
N/A S4 A. tridentata 5-10 0.03 0.22 0.58 845 15.32
N/A S4 A. tridentata 10-15 0.08 0.26 0.76 9.71 14.24
N/A S4 A. tridentata 0 -5 0.33 0.41 0.58 12.39 14.33
N/A S4 A. tridentata 5 - 10 0.17 0.25 0.44 13.43 12.64
N/A S4 A. tridentata 10-15 0.13 0.25 0.47 12.18 12.44
t  Year of colonization by B. tectorum. N/A represents a site not invaded by B. tectorum. 
# Species of vegetation characterizing the site
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Table A.9 (cont.) Sand fraction data for each sampled site.
Year^ Site Vegetation* Her.
Sand Fractions (g)
V. c c m f v.f.
1985 PDl B. tectorum 0-5 1.52 1.97 1.77 5.92 14.84
1985 PDl B. tectorum 0-5 2.46 2.76 1.90 5.80 12.68
1985 PDl B. tectorum 0-5 1.45 1.67 1.52 6.40 14.99
1985 PDl B. tectorum 5-10 248 2.71 2.45 T98 12.44
1985 PDl B. tectorum 5-10 2.56 2.41 1.92 6.61 13.07
1985 PDl B. tectorum 5-10 1.80 1.77 1.70 7.23 12.67
1985 PDl B. tectorum 10-15 2.40 2.46 2.13 8.41 14.26
1985 PDl B. tectorum 10-15 1.89 243 1.90 5.81 14.92
1985 PDl B. tectorum 10-15 1.30 1.66 1.61 6.81 14.41
1998 PD2 B. tectorum 0-5 0.35 0.49 0.70 648 17.69
1998 PD2 B. tectorum 0-5 0.13 0.23 0.57 6.13 17.76
1998 PD2 B. tectorum 0-5 048 0.64 0.82 6.81 15.77
1998 PD2 B. tectorum 5-10 0.23 0.44 0.58 5.65 13.69
1998 PD2 B. tectorum 5-10 0.15 0.19 0.34 6.34 16.34
1998 PD2 B. tectorum 5-10 0.53 0.65 0.69 5.76 15.82
1998 PD2 B. tectorum 10-15 0.20 0.30 0.54 5.06 14.26
1998 PD2 B. tectorum 10-15 0.21 0.26 0.34 5.49 15.16
1998 PD2 B. tectorum 10-15 0.24 0.34 0.59 5.55 14.44
1987 PD5 B. tectorum 0-5 1.26 1.17 1.15 3.40 10.65
1987 PD5 B. tectorum 0-5 1.69 1.53 0.76 2.53 10.65
1987 PD5 B. tectorum 0-5 1.37 1.18 0.96 2 j^ 9.19
1987 PD5 B. tectorum 5-10 1.60 1.42 0.74 2.44 10.15
1987 PD5 B. tectorum 5-10 1.68 1.33 0.71 269 10.25
1987 PD5 B. tectorum 5-10 1.39 1.38 0.78 2.58 9.45
1987 PD5 B. tectorum 10-15 1.78 1.46 0.77 2.57 943
1987 PD5 B. tectorum 10-15 1.65 1.22 0.67 2.59 10.06
1987 PD5 B. tectorum 10-15 2.31 1.52 0.75 242 9.48
2002 PD8 B. tectorum 0-5 0.21 0.38 0.50 343 12.34
2002 PD8 B. tectorum 0-5 0.55 0.75 0.69 349 11.83
2002 PD8 B. tectorum 0-5 0.38 0.67 0.69 349 12.54
2002 PD8 B. tectorum 5-10 0.27 0.48 0.47 3.06 11.85
2002 PD8 B. tectorum 5-10 0.59 0.66 0.56 246 12.16
2002 PD8 B. tectorum 5-10 0.36 0.46 0.50 3.55 12.95
2002 PD8 B. tectorum 10-15 0.31 0.49 0.50 3.11 12.36
2002 PD8 B. tectorum 10-15 0.61 0.63 0.57 2.90 12.80
2002 PD8 B. tectorum 10-15 0.38 0.47 0.46 3.21 12.95
t  Year of colonization by B. tectorum. N/A represents a site not invaded by B. tectorum. 
# Species of vegetation characterizing the site
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Table A. 10. Profile descriptions for Haplodurids selected for sampling in the study.
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Horizon Depth (in) Color dry Const and Plasticy Structure
A 0 to 6 10YR6/2 soft, friable, non-sticky weak, thick platy
Bwl 6 to (14 or 15) lOYR 6/3 lightly hard, friable, nonsticky and nonplastic weak fine and medium subangular blocky structure
Bw2 14 to 23 lOYR 6/4 soft, friable, nonsticky and nonplastic medium subangular blocky structure
Bkq 23 to 45 10YR6/4 soft, friable, nonsticky and nonplastic medium subangular blocky structure to massive
Horizon Roots Acid drop (eff)
A many, very fine to fine roots WE
Bwl many very fine and few fine roots ME
Bw2 common very fine, few fine and medium roots ME
Bkq common very fine, few fine and medium roots VE
* Sites 1 and 8 were close to a Bkqm at the very bottom of the hole, but thought still too fractured for a real duripan. 
*Site 2 had a lOYR 6/4 in the two top horizons and a lOYR 7/2 in the two bottom horizons
C / )
C / )
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